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7u I. INTRODUCTION

I

- Candidate liquid gun propellants generally fall into the category of

ARS concentrated aqueous salt solutions. The most promising candidate contains

7 ¢ . . . . -

o hydroxyvlammonium nitrate (HAN) and triethanol ammonium nitrate (TEAN). In an

= effort to enlarge the data base for these solutions, measurements of the 1
oo electrical conductance were performed. These measurements can be of great

practical value in the design of electrically initiated liquid propellant
combustion systems; moreover, the variation of the electrical conductance with
A parameters such as concentration, temperature, and solvent can provide

(f information about the fundamental behavior of these materials. Definitions of
electrical conductance and a simple, alwmost universal, a.c. circuit used in
making conductivity measurements were introduced in a prior report. The
important parameters to be considered in producing a proper conductivity cell
design were also discussed in detail. Some initial data on the conductance of
aqueous HAN as a function of concentration were also presented.

\gf This report contains data on the conductance-concentration dependence of
‘tﬁ aqueous HAN and the conductance-temperature dependence of aqueous HAN and two
-u: liquid gun propellants, LGP 1845 and LGP 1846. Both LGP 1845 and LGP 1846
& consist of mixtures of aqueous HAN and TEAN. In addition, the report begins
AL with a review of the historical development of the conductance theory of
'j{' electrolvtes. This review is included to aid the reader not familiar with the
f. details of physical chemistry. Ion~pairing and conductance equations are

LT developed in this review and are subsequently used in the interpretation of
L the data.

II. EARLY WORK
‘:i‘ An electrolyte is a solute, which upon dissolution into a solvent

- produces a solution which conducts current. Whether the electrolyte is

el considered as being strong or weak depends upon its degree of dissociation.
Q) Strong electrolytes are almost completely dissociated. In practice,
Ny conductance measurements involve very simple circuits. The properties of

< conductance have been studied for over 100 years. One of the early

< descriptions of electrical conductance came from the works of Arrhenius® and
- Ostwald.’ The dissociation equilibrium is written as

¢ 3

v + -

o AR L A +B (1)

3 . . . .

- where AB is the undissociated molecule, and K, is the equilibrium constant.

““~ . . 3 .

L Application of the law of mass action yields

‘-"\

: + -

2 118 1 (2)
N [AB] c
. -n.:
:,:, where the brackets denote the equilibrium concentrations of the enclosed |
“ne species. It follows that

]

%

o [A*] = [B7) = c ¥ (3)
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where ¢ is the concentration of solute and y is the fraction of ions free to
carry current., Substitution of Eq. (3) into Eq. (2) results in the following
expression

2 2

_C__L,_-K

c(l-y) "¢ (4)

It was hypothesized that

) (5)

>,>

[o}

where A is the equivalent conductance of the solution and A_ is the equivalent
conductance at infinite dilution. Substitution of Eq. (5) 1into Eq. (4), with
some rearranging of terms, produces the Ostwald dilution law for conductance;

%=%_+_L2' (6)
° KcAo
This expression explained the electrical conductance of weak electrolytes
well, but was inadequate for describing the electrical conductance of strong
electrolytes. The reason for this being that ionic crystals are made up
completely of positive and negative ions arranged in a periodic lattice, hence
no dissociation of neutral molecules takes place. However, experimental
conductance data showed that the strong electrolytes produce some structure in
solution which is non-conducting. From Eq. (6) a plot of 1/A should be linear
in concentration. This held true for some electrolytes, but certainly not
all. During this time Kohlrausch™ had developed a new technique for measuring
the conductivity; the use of alternating current. He made many detailed
measurements of the conductance of electrolytes, and obtained an empirical
expression to describe the behavior of the conductance of dilute solutions as
a function of concentration. This expression

1
A=A-Dc/2 (7N
o]

was called the Kohlrausch square root law and gives a different concentration
dependence of the conductance than the Ostwald dilution law. At this point
there was a dilemma. The prominence of Arrhenius and Ostwald made Eq. (6) the
favored expression. To resolve this concentration dependence question, it
took the development of an interionic attraction theory. Up to then, no
consideration of the ions influencing each other was taken into account.
Nonetheless, Eq. (6) described fairly well the behavior of dilute solutions of
weak electrolytes in water and of strong electrolytes in solvents of low
dielectric constant.

10
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iy III. TONIC INTERACTIONS
oy
Bl It was recognized that ionic interactions must be incorporated into the

theory to describe the variation in conductivity with concentration.
Considerable work was expended in an attempt to express the electrostatic
potential as a sum over all pairs of ions, where each ion is considered as a
discrete site of charge. This approach led to infinite sums and non-
convergence. Instead of this method, Debye and Huckel”’ considered all of the
ions, except a reference ion at the origin replaced by a continuous space
charge whose density is a function of distance from the origin. The model as
shown in Figure 1 is then a central ion of charge +e surrounded by an ion
atmosphere of charge -e. This ion atmosphere may be envisioned as a charged
spherical shell located at a distance a + l/kl from the center of the ion.
The calculation is performed by combining Poisson's equation of electrostatic
theory with Boltzmann's distribution law. The end result is an expression for
the electric potential y of the form

s

e -k r

RN de 1

Ty .= (8)
' r

PR

where A and k; are physical constants which are completely determined from the
- boundary conditions and known physical properties of the electrolyte. This
work was a major breakthrough, and equations for various transport properties
were derived shortly thereafter. A more complete mathematical discussion of
- the Debye and Huckel theory can be found in many texts; see for example Harned
- and Owen.® The theory of Debye and Huckel does have limits of application for
. several reasons. A point charge model is used which must necessarily fail at
- close range due to the finite size of the ions. In addition, this range is

P

E}E larger when considering asymmetrical ions. In the derivation of an analytic
rb expression for the electric potential, an exponential is expanded and only two
ol terms retained. The necessary condition for neglecting the rest of the series
i is that Zey<<kT, where Z, k, and T are the ion charge multiplicity,

) Boltzmann's constant, and the absolute temperature, respectively. Physically
L\i this means that the theory will break down more easily for multivalent ions,
Q?Q and values of y must be kept small by large separation of ions (dilute

%

L R

solutions).

b
1 2
v
a a
(2 T

The transport property of concern here is the electrical conductance, 4.
One of the first analytic expressions which used the electric potential of

B

955 i . .

.- Debye and Huckel appeared in the work of Onsager.7 Two main effects were
tz:. considered in the interaction of the ions with an external field. First, an
?ﬁn electrophoretic effect arises from the interaction of the spherical shell ion

atmosphere with an external electric field. This field causes the shell and
s solvent molecules to move in one direction, while the central reference ion

v
.
.
v'ata’s

:!; moves in the opposite direction, similar to swimming upstream. The other

F:{ effect is the relaxation effect. When the external field is applied, the ions
ﬁh} move and if the response were instantaneous then spherical symmetry would be
?%ﬁ preserved. However, frictional forces cause a time lag and an asymmetry

oy arises. This asymmetry induces an internal field that opposes the external

field and lowers the conductance. In light of these effects, Onsager
developed the resultant expression

>§¥
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1
A=Ao-(aA0+B)c/2 , (9)

where g and g are physical constants that are completely determined from the
physical properties of the electrolyte. Here the ah,C term arises from the
relaxation effect, and the Bc 2 term is due to the electrophoretic effect.
Onsager's equation is not strictly an equation for the conductance, but rather
the equation for the tangent to the conductance curve in the limit of zero
concentration. This result, and an earlier approximate result obtained by
Debye and Huckel, showed that the equivalent conductance at low concentration
is proportional to the square root of the concentration. These theoretical
results were in exact agreement with the empirical square root law determined

by Kohlrausch.

Figure 1. Picture of Ion Model for the Debye-Huckel Theory

A subsequent major step in the improvement of the equation for
conductance at higher concentrations was attributed to Falkenhagen, et al.8
They included the finite size of ions by not approximating the Debye-Huckel

expression Eq. (8) for the electric potential. Here the physical constant A
contains a term

k.a
1
e

T2, -
l+kla

which is only negligible at low concentrations. Falkenhagen, et al., retained
this term in calculating the relaxation effect. The resulting expression for
the conductance takes the form

: 'l"‘l “are
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where o and 8 are analogous to the constants of Onsager's limiting result.
These parameters are conveniently expressed as

 8.20x10° _ 82.5 50.29

a = sy B = -, and B = ————
(eT)3/2 no(ET)l//. (eT)l/Z

o] . . . .

where ¢ and n are the dielectric constant and viscosity of the solvent,
respectively. The distance a used here is in units of centimeters and a =
a/10'8. The term

exp (0.2929 kla) -1

0.2929 kla

is more conveniently represented by

X
F = xl where x = 0.2929 Bacl/2,

Equation (10) has a much larger applicable concentration range. However,
at concentrations exceeding several molar, certain salt solutions show
substantial deviations. It has been found that these deviations at high
concentrations could be minimized by multiplying Eq. (10) by a relative
fluidity factor (no/n), where n is the viscosity of the solution. Equation
(10) then becomes the well known Wishaw-Stokes”’ equation. Although this
viscosity correction seems to work well, an assessment of the validity of this
factor is complicated. A qualitative explanation of this correction is as
follows. The bulk viscosity is the force required to move layers of solution
with respect to each other. These shear forces are long range Coulomb forces
and short range ion-water forces. As a general rule, strongly hydrated ions
cause large increases in viscosity, while unhydrated ions do not. The Coulomb
forces between ions have already been taken into account in the conductivity
equation, thus it seems that only the short range forces have been neglected.
Therefore, the viscosity should not be the bulk viscosity, but only a fraction
of it. The justification for using the bulk viscosity is that the short range
forces dominate in the concentrated region, and depend approximately linearly
on the concentration.

The present state of the conductance theory for unassociated electrolytes
is represented by Eqs. (9) and (10). The model from which these equations are
derived fails at high concentration. However, no theory has been successful
in the description of the conductance behavior of concentrated solutions. It
has been suggested10 that this description should properly start from a theory
of fused salts, where the distribution function is a periodic and damped
radial function. This function must approach the Debye-Huckel function in the
limit of low concentration.
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IVv. TION-PAIRING

Up to this point, we have only discussed unassociated electrolytes;
however, for the cases under consideration, namely nitrate salts, it is
possible that ion pair formation occurs in regions of highest concentration.

For the present purpose, ion association is divided into two general
classes. In the first class, the solid molecules do not completely dissociate
into ions when dissolved. This is a property of weak electrolytes. In the
second class, i.e., strong electrolytes, the solid phase ions exist in the
form of a periodic lattice structure, and upon dissolution, become mobile.
These ions in solution can then form some aggregate structure, where the net
charge on the structure is zero, thus giving no contribution to the
conductance. The simplest structure of this type is an ion-pair, which is the
association that is of concern for the solutions studied here. There is a
distinct difference in the non-conducting structures of these two classes:
the undissociated molecule is a number of atoms held together by electronic
bonds, whereas the ion-pair 1s held together entirely by electrostatic Coulomb
forces, where neither the cation nor the anion lose their identity.

Earlv data clearly showed that some strong electrolytes must produce
structures in solution which are non-conducting. In 1926, Bjerrum proposed
a criteria for the formation of ion-pairs, which essentially equates the
therma! energv with the electrostatic energy of two oppositely charged ions.
From this, a critical distance b can be obtained

= 'izile_z (11)

2¢ kT

where for distances equal to or smaller than b, the ions are considered
paired. This is a simple approximation of conditions necessary for ion
pairing. Nevertheless, it is instructive in showing the dependence of ion
pairing on the various physical properties. It is obvious that multivalent
ions have a greater tendency to ion pair. It is also evident from Eq. (11)
that a decrease in the dielectric constant will increase ion-pair formation.
Morecver it appears on the surface that decreasing the temperature increases
ion-pairing, however, the dielectric constant is also temperature dependent to
the point where increasing the temperature slightly favors ion pairing. For
monovalent ions in water at room temperature, the critical distance b is
3.57&4. It is of interest to calculate critical distances for monovalent ions
as a function of temperature and dielectric constant, and then compare these
critical distances with ionic separations which are predominantly a function
of concentration. Tables 1 and 2 contain these comparisons. The dielectric
constant was changed by using water and methanol as a solvent. Values for the
ionic separation were obtained from an approximate empirical relationship for
monovalent ions in solution, 9.4 M~ A. Here M is the concentration in
moles per liter. For methanol, it is seen that the critical radius is over
twice as large as for solvent water. Moreover, the ionic separation values
are such that one would expect some ion-pairing for methanol and not for
water. Further discussion of ion-pairing in this context is given with the
results for the conductance of HAN in water-methanol solvent mixtures.
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Table 1. Critical Distance for Monovalent Electrolyte lon-Pairing at
Various Temperatures and Dielectric Constants

Dielectric Critical Distance Dielectric Critical Distance
ngp. Constant, Hy0 Solvent, Hy0 Const, CH30H Solvent, CH30H
R
-50 - -~ 49.5 7.7
-25 -~ - 43.5 7.9
0 88 3.45 37.5 8.1
+25 78 3.57 32.0 8.7

Table 2. 1Ionic Separations for Monovalent Electrolyte Solutions at
Various Concentrations

Concentration Ionic Separation
M 9.4M /34
6 5.17
9 4.52
11 4.23
13 4.00
15 3.81

V. TEMPERATURE

Another important variable that deserves comment is the large temperature
dependence of the conductance. There is nearly a five or six fold increase in
the conductivity of a strong electrolyte when increasing the temperature from
0 to 100°C. This increase in conductance is due, at least in part, to the
decrease in the viscosity of water. From Walden's Rule, An=const, where n is
the viscosity, it is observed that this product varies at most by 30% as a
function of temperature. This suggests that viscous forces are responsible
for most of the resistance to the motion of ions in water.

A majority of the conductance data have been reported at a temperature of
25°C, thus, Campbell, et al., have used the empirical relationship

At

Aas®

=1+ a(t-25) + b(t-25) +... (13)

to fit the temperature dependence of the conductance for strong electrolytes.
Here t is the temperature in °C and a and b are empirical constants. A form
of Eq. (13) will be applied later to the temperature dependent data reported
here.
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VI. EXPERIMENT

3

The measurement circuit and conductivity cell used to obtain the
experimental data were very similar to that described in the first report.1
The only difference is that the U-tube Pyrex cell was slightly shorter, giving
a cell constant of 137.6 cm~*. The cell constant was checked with both sodium
chloride and potassium chloride solutions. Current flowing through the
solutions of interest was kept well below one milliampere. An audio frequency
alternating current of 1 kHz was used for all of the data reported here, and
all measurements were independent of frequency over the 500 Hz to 10 kHz
range. For the temperature dependent studies, the U-tube conductivity cell
was almost completely immersed in a Dewar filled with methanol or water. The
temperature of conductivity cell was controlled manually with heating elements
and cooling with dry ice or ice while being continuously stirred. The
temperature was monitored with a digital readout platinum resistance
thermometer, which gave temperatures to the nearest 0.1°F. The temperature
control was 20.1°F.

PP R R P,

E W00

e

g

Reagent or research grade chemicals and distilled water were used for
this study. The preparation of 13 M HAN solutions, which were used as the
starting point for the various aqueous HAN solutions, were prepared by
concentrating high purity dilute solutions obtained from Southwest Analytical
Chemicals, Inc., Austin, TX. The liquid gun propellants LGP 1845 and LGP
1846, are made of mixtures of HAN, TEAN and H,0. LGP 1845 contains (weight
percent) 63.2% HAN, 207 TEAN, and 16.8% H,0. LGP 1846 contains (weight
percent) 60.8” HAN, 19.2% TEAN, and 20% H,0.
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VIT. RESULTS AND DISCUSSION

. The specific conductance and equivalent conductance of HAN as a function
of concentration in water for three temperatures, are shown on Figures 2 and
3, respectively. The data is tabulated in Table 3. Both the concentration
and temperature dependence of the conductance is t¥pica1 of monovalent salts
dissolved in water. As shown in the first report, the conductance of NaNO

as a function of concentration in water is very similar to that of HAN. It
was observed that the specific conductance of HAN starts decreasing at
concentrations greater than about 7 M at 20°C, whereas most other salts
saturate in this concentration region. However, if these salt solutions are
heated to increase the solubility limits, then the bending over phenomenon of
the specific conductance is also observed. This decrease in the conductance
as more ions are added suggests that the mobility of the ions is substantially
diminished and/or the ions form non-conducting species. Most of the
experimental data has been obtained at 20°C, so it is this data of Figure 3
that we will attempt to fit with Eq. (10), the Wishaw-Stokes equation. It
should be noted that most of these concentrations severely push the limits of }

- o
.

-
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-j validity of this equation for concentration maximums; furthermore, not having :
‘. an experimentally determined value for A, causes questions at the very low 3
N concentrations. §
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e Figure 2. Specific Conductance of HAN as a Function of Concentration
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2

IS Table 3. The Specific and Equivalent Conductances of Aqueous HAN as a
< Function of Concentration for Three Temperatures; -12.2°C,
'] 20.0°C, and 40.0°C

ot
]
i‘.
R Concentration Sp, Cond. Eq. Cond. Sp. Cond. Eq, Cond. Sp, Cond. Eq, Cond.
" M Q_l cm™ ! cm® Q'l em” ! cm® @~ Q"l cm~ ! cm Q_l
= T = -12.2°C T = 20.0°C T = 40.0°

- 0.1  =m--- -——- .00924 92.4 .0140 140
7'._, 0.5 .0191 38.3 .0390 78.1 .0555 111
1.0 .0350 35.0 .0693 69.3 .0970 97.0
_;:.: 3.0 .0825 27.5 .153 51.0 .206 68.6
3 ‘:' 5.0 0101 20.2 '189 37 08 0255 51.0
‘ .-‘ 7.0 .0998 14.2 <194 27.7 «262 37.4
-;‘\ 9.0 .0802 8.91 176 19.6 .244 27.1
: 11.0 .0608 5.53 a4 13.1 .205 18.7
roF 13.0 .0370 2,85 .105 8.08 <155 11.9
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i Ficure 3. Equivalent Conductance of HAN as a Function of Concentration
- at =12, 20, and 40°C
o
"l Normally A 1is determined from an extrapolation of extremely low
o concentration data using a form of Eq. (7). In our experiments onlv one cell
e was used, which was tailored for accurate measurements of concentrated
pres. solutions. This design does not work well for dilute solutions; thus, A has
o been roughly estimated by analogv with other limiting conductances of saft
:ﬁ' solutions. A, car be written as Ay = A; + xg, where A and A are the
:", limiting equivalent conductances of the constltuent catlon and anion. For
4:: N03, A; is 64 at 20°C, however, a value for NH,0H' has not been reported. We
" could say it is similar to NHQ which is 65, or choose an ion of similar
NN molecular weight, say CH3NH3 which has a llmiting equivalent conductance of
xj\ about 53 at 20°C. From these considerations, a reasonable value for A for
";: aqueous HAN solutions is 64 + (5926) = 123 &+ 6 at 20°C.
"\
::: For an aqueous monovalent electrolyte at 20°C, Eq. (10) becomes
®; W
e o 53.48c /2 0.2269¢!/%F
o A=A 12 ) [ ~ 1/2:
-2 1+0.3276ac 140.3276ac
Yo
- X
?ii where ¢ is expressed }n moles per liter, a in angstroms and F = e -1 where x
RO is equal to 0.09593c1/2, With the data being A and c, a least ssuares

analysis of this equation was applied using A, and a as adjustable
parameters, The resulting fit is shown as a dashed line on Figure 4. The fit

L A
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L is not good and the convergence values are physically unrealistic.
i Although Ay did not change appreciably from the estimated value, settling in
§“~' at a value of 122, the best fit occurred with an a value of 0.878. This value

of the ion size parameter is too small since the estimated radius of the NO}
S anion is 1.8A.
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Figure 4. Fit of Equivalent Conductance at 20°C With Wishaw-Stokes
| Equation, Data [J, Fit --- Without Viscosity Correction,
“. Fit With Viscosity Correction
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- It was thought that a better fit might occur if we included a relative
- fluidity factor in the equation. However, there was no published data for the
vicosity of aqueous HAN solutions, so a Brookfield viscometer was obtained and

."

V.
}:} the viscosity of aqueous HAN measured as a function of concentration at
’uj 20°C. The results are tabulated in Table 4. With the inclusion of the
e relative fluidity factor, the least squares analysis gives the solid line
.: shown on Figure 4. The best fit occurs with Ay = 112.3 and a = 3.134. The a
a . value is still a bit small, most monovalent aqueous salts fit to an a value
e between 4-5A, however it is much more realistic than before. The limiting
x:? equivalent conductance has changed by about 10%7 from our estimated value.
:tf{ This fit is better than the fit without the fluidity correction, but not
a%ﬁ\ great. Since Eq. (10) has been derived with approximations that are only
::f: va%id for dilute solution conditions, and then a semi-empirical modification
SN (n"/n) applied to extend the concentration range, a precise fit is not to be
= expected.
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':‘i' Criteria for forming ion-pairs have been discussed earlier. From Tables
Wty 1 and 2 it is seen that under simple approximations, smaller dielectric
B constants favor ion-pairing. The numbers of Tables 1 and 2 suggest that ion-
R =) pairing is much more likely to occur in methanol than in water. To test this
?tﬁ possibility, we measured the equivalent conductance of 13 M aqueous HAN mixed
P with various amounts of methanol. The concentration scale for the 13 M HAN-
N methanol mixtures is approximate since 13 M HAN was treated as pure HAN, this
" however, does not affect the qualitative behavior in which we are interested.
Y The equivalent conductance of HAN in water and 13 M HAN in methanol as a
s function of concentration at 20 and 40°C is plotted in Figure 5. A
::%: significant difference is observed; for most of the concentration region the
o equivalent conductance for the methanol solvent is much lower. This behavior
::{: is also obzerved for AgNO, solutions in solvents of different dielectric
e constant.! The smaller the dielectric constant, the more pronounced is Zhe
decrease in the conductance. From these results and also Raman spectra,1
5 ion-pairs are presumed to be present in aqueous HAN-methanol solutions. We
.:i: plan also to investigate the Raman spectra of HAN dissolved in different
a;}: solvents. Thus far, the conductance results are qualitatively analogous to
e those found in AgNO;. This indicates that ion-pairing is occurring when
NN methanol is used as the solvent. Ion-pairing is probably minimal in aqueous
HAN solutions.
s
e Table 4. Viscosity of Water and Aqueous HAN as a Function of
e Concentration at 20°C. The Experimental Results are Obtained With a
- Brookfield Viscometer Calibrated With Distilled Water, and a Brookfield
‘ Standard Liquid of Known Viscosity
:{; Species Viscosity (n) Viscosity Correction
*;ﬁ Centipoise Factor n%/n, n°=1.002
oo
£a -,
Hy0 1.002 1.00
¥ '.' 0.1 M HAN 1.02 N.98
+ SN -
K- 0.5 1.06 .95
5y 1.0 4 1.06 0.95
R 3.0 M 1.23 0.81
5.0 M 1.52 0.56
) 7.0 M 2.14 0.47
e, 9.0 M 3.05 0.33
- 11.0 M 4.80 0.21
o 13.0 M 7.11 0.14
S
®q Finally the specific conductance of aqueous HAN and two candidate gun
L propellants, LGP 1845 and LGP 1846, has been measured as a function of
A temperature over the range from -60 to +60°C. The data are plotted in Figure
- 6 and tabulated in Tables 5, 6, and 7. Polynomial fits of this temperature
-:fﬁ data are also shown on Figure 6. Instead of applying the empirical
“ﬂb relationship, Eq. (13), suited for 25°C conductance data, we chose a more
: general form which 1is
| -I',\.
s
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o
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and applied a least squares analysis to the data. The resulting fits are
quite good, and the best values of the coefficients are listed in Table 8.
Again these three solutions studied have temperature dependences very similar
to other common aqueous salt solutions.

ECLIVELENT CONZUCTANZE OF HAN-H20 AND
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Figure 5. Equivalent Conductance of HAN as a Function of Concentration
in Hp0 and in H,0-CH;O0H Mixtures at 20 and 40°C

VIII. SUMMARY

A brief historical review of the development of conductance theory has
been reported and applied to the concentration dependent conductance data
measured for aqueous HAN solutions. Specific conductance a< a function of
temperature for 11 M HAN, LGP 1845, and LGP 1846 has been measured and
subsequently analyzed in terms of a polynomial equation. Two different
solvents, water and methanol, have been used in the studies of HAN to assess
the importance of ion-pairing. These data indicate that ion-pairing becomes
more important with decreasing dielectric constant; a result consistent with
the Bjerrum criteria and similar to previous results for other monovalent
salts.
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‘:__"-.\‘ In general, the solutions studied here behave like most common monovalent |
~:-;::. salt solutions, with respect to the temperature and concentration dependence |
' ‘ of the conductance. No evidence has been found for substantial ion-pairing ;
i for these aqueous salts, however, should these salts be dissolved in solvents ‘\
- of lower dielectric constant, ion-pairing will increase. 3
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Figure 6. Specific Conductance of 11 M HAN, LGP 1845, and LGP 1846 as
a Function of Temperature. Data are[J, O, o. Solid Lines
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-:'_: Table 5. Specific Conductance of 11 M HAN as a Function of Temperature
- Temperature SpecifiSIConQthance
N °C Q  cm
f-l
= -59.9 9.00 x 1074
b -59.0 1.03 x 1073
N -57.9 1.26 x 1073
-54.4 1.91 x 1073
- -52.9 2.41 x 1073
- -51.0 2.91 x 1073
~7 -49.2 3.36 x 10:3
-46.6 4.51 x 10
-43.3 6.27 x 1073
-~ -40.7 8.07 x 107
v -37.7 1.05 x 10
- ~34.2 1.38 x 1072
~28.4 2.07 x 1072
o -24.7 2.62 x 1072
. -20.9 3.21 x 1072
-17.3 3.77 x 1072
- ~14.6 4.38 x 1072
- -13.0 4.62 x 1072
= ~10.0 5.26 x 1072
(- -7.3 5.86 x 1072
-4.1 6.58 x 1072
-0.5 7.56 x 1072
3.4 8.48 x 1072
A 4.9 8.83 x 1072
v 13.8 1.19 x 107}
15.6 1.28 x 1071
18.0 1.32 x 1071
20.6 1.40 x 10:{
21.4 1.4 x 10
e 23.2 1.50 x 107}
¥ 243 1.54 x 10:1
2 24.7 1.55 x 10
- 26.4 1.61 x 107}
- 27.8 1.65 x 107}
. 30.7 1.75 x 1073
i 32,5 1.81 x 1071
- 33.8 1.85 x 1071
o 35,2 1.89 x 107}
® 36.9 1.95 x 107}
e 39.2 2.03 x 107}
o 41.6 2.09 x 107}
L 43.5 2.16 x 1071
o 46.0 2.25 x 107}
- 49.0 2.35 x 1071
g | 53.0 2.48 x 107!
L 53.8 2.50 x 1071
s
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Table 6.

Temperature
o

9

-47.90
-544.9
-42.5
-40.9
-38.6
-35.9
-34.2
-30.3
-28.7
-26.9
-25.5
-23.7
=-22.8
-21.8
-21.2
=-20.7
-20.1
~-19.5
-18.5
-17.8
-14.8
-14.0
-12.%
-11.4
-10.9

-8.3

Specifif Conductance

Q

Temperature

8.20
9.54
1.42
1.73
2.16
2.98
3.53
5.03
5.76
6.67
7.41
8.69
9.29
9.97
1.04
1.08
1.13
1.17
1.24
1.31
1.57
1.64
1.77
1.90
2.06
2.23
2.38
2.50
2.64
2.77
2.91
3.14
3.40
3.62
3.82

AU B S e S g o prg g

Specific Conductance of LGP 1845 as a Function of Temperature

Specifiﬁ Conductance

Q

xxxxxxxxxxxxxxxxxxxxxxxxxxxxx><>¢><><><><

3.98
4.15
4.33
4.56
4.77
4.98
5.17
5.37
5.57
5.75
5.96
6.16
6.37
6.55
7.46
9.06
9.63
1.00
1.03
1.07
1.11
1.15
1.19
1.20
1.22
1.26
1.30
1.35
1.41
1.44
1.47
1.53
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- Table 7. Specific Conductance of LGP 1846 as a Function of Temperature
-4.
. Temperature Specific Conductance Temperature Specific Conductance
'.{:: °C Q"' em” °C Q"' em”
= -60.1 1.96 x 1074 2.7 4.45 x 1072
- -57.9 2.72 x 1074 5.9 4.95 x 1072
N -55.6 3.52 x 1074 8.3 5.37 x 1072
- -52.9 5.27 x 1074 10.7 6.03 x 1072
s -50.2 8.30 x 1074 12.9 6.19 x 1072
o -47.7 1.17 x 1073 15.1 6.59 x 1072
- -44.5 1.81 x 1073 17.4 7.07 x 1072
" -41.1 2.67 x 1073 19.5 7.47 x 1072
. -38.6 4.22 x 1073 21.8 7.97 x 1072
o -36.1 5.14 x 1073 24.1 8.44 x 1072
N -33.2 6.32 x 1073 26.2 8.94 x 1072
oy ~29.9 8.19 x 1073 28.4 9.41 x 1072
[ -27.2 9.94 x 1072 30.6 9.79 x 1072
o -24.7 1.18 x 1072 32.8 1.03 x 107}
-22.1 1.49 x 1077 35.2 1.08 x 10:1
7. -19.1 1.67 x 1072 36.9 1.12 x 107)
- -15.3 2.03 x 1072 39.0 1.17 x 107
o -13.1 2.31 x 1072 40.9 1.22 x 10
2 -10.3 2.64 x 1072 42.6 1.25 x 107}
- -7.0 3.08 x 1072 44.5 1.29 x 107
\ -3.8 3.46 x 1072 46.7 1.36 x 10
85 0.5 3.94 x 1072 48.9 1.40 x 1071
e 51.1 1.46 x 107}
- 53.4 1.51 x 107}
- 55.6 1.57 x 107}
- 57.8 1.65 x 1071
60.0 1.71 x 1071
= 62.2 1.77 x 1071
'.-:'_'
N Table 8. Polynomial Coefficients Used for the Best Fit of the Temperature
. Dependent Conductance Data for 11 M HAN, LGP 1845, and LGP 1846
a a a
':'_: Species _1 8m-1 Q'l cm'11°C"1 a1 cm-lz"C-2 o1 cm—IB"C'3
® 11 M HAN 3.282x1072 1.385x1073 1.362x1072 ~4.143x1078
R LGP 1845 7.915x1072 2.670x1073 1.651x1072 -1.189x1077
o LGP 1845 4.099x10~2 1.495x1073 1.244x%107° ~2.418x10”
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